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PolicyMercury (Hg) pollution is an important environmental and public health issue that has garnered significant in-
terest from policy makers and the global regulatory community. Consumption of seafood is the primary mecha-
nism of methyl Hg (MeHg) exposure in humans, globally, and marine fish represent an important linkage
between atmospheric dynamics, aquatic biogeochemistry and trophic transfer of this highly neurotoxic and eas-
ily assimilated form of Hg. Hg policies and management are highly interdisciplinary and at their foundation are
relatively well established scientific principles related to Hg methylation, MeHg cycling and bioaccumulation,
and subsequent trophic transfer to humans; however, certain fine-scale aspects of these processes remain poorly
understood. After several years of intergovernmental negotiations theMinamata Convention onMercury (MCM)
entered into force in August 2017. Anthropogenic releases (water) and emissions (air) of Hg, human exposure,
and environmental health are of considerable importance within the framework and policies outlined in the
MCM. Additionally, the overall risk of Hg from artisanal and small-scale gold mining (ASGM) is considered a sig-
nificant source of human exposure and commonly occurs in low andmiddle income countries, whereminers use
elemental Hg to extract gold from ore. Here I outline the history, evolution and progress of theMCM as it relates
to the science-policy interface and offer a brief synthesis of the state of Hg science in the context of modeling,
temporal assessments of Hg trends and global environmental change and ecosystem sensitivity.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Bergen 5005, Norway.
.V. This is an open access article und1. Introduction
Mercury (Hg) pollution is an environmental and public health issue
that is of global concern, and in August 2017 the United Nations
Minamata Convention on Mercury (MCM) entered into force. Theer the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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(water) of anthropogenic Hg and to protect the environment and
human health. Sources of Hg include atmospheric emissions from coal
and industrial processes, including cement production, aswell as artisanal
and small-scale gold mining (ASGM) activities (minamataconvention.
org). All emissions to the atmosphere have the potential to be distributed
globally, and to be deposited to any surface of the Earth. Although ele-
mental Hg can be readily deposited to surfaces, it also has the potential
to be emitted back to the atmosphere, and this cycle can occur many
times. Deposition is facilitated by oxidation of elemental Hg to a variety
of gaseous oxidized forms depending on the chemistry of the air
(Sprovieri et al., 2005). TheseHg (II) compounds have high deposition ve-
locities, are deposited readily, and then enter ecosystems, where they are
more easily methylated than elemental Hg (Hu et al., 2013). Methylation
of inorganic mercury to the more toxic and bioavailable organic forms,
provides an efficient pathway into food webs. Because Hg is
bioaccumulated in organisms, and biomagnified in food webs this results
in high exposures for those consuming organisms at high tropic levels. In
addition, pristine ecosystems are impacted by Hg deposition, resulting in
impact to organisms remote from any direct sources of Hg (Fitzgerald
et al., 1998).
Recent summaries of Hg science and policy (Bank et al., 2014; Evers
et al., 2016; Gustin et al., 2016; Platjouw et al., 2018; Basu, 2018; Chen
et al., 2018; Selin et al., 2018; Kwon et al., 2020) have identified many
relevant biomonitoring needs and scientific advances that have fur-
thered our understanding of the Hg cycle, which is inherently complex.
Here I provide an overview of the history, evolution and progress of
mercury science and policy in the context of theMCM. Specifically I out-
line and focus on threemajor avenues of Hg research that are highly rel-
evant to the MCM including: a) temporal assessments of Hg in fish and
wildlife, b) Hg stable isotopes and source apportionmentmodeling, and
c) the interaction between atmospheric mercury and ecosystem sensi-
tivity. Recent advances in human health have been covered elsewhere
(Basu et al., 2018; Eagles-Smith et al., 2018; Budnik and Casteleyen,
2019).
2. History of mercury policy related to theMinamata Convention on
mercury
Members of the scientific community, from academia, government,
and industry, alongwith environmental regulators have played a critical
role in the establishment of the MCM. Furthermore, regional scientists
and policymakers from the Arctic monitoring and assessment working
group (AMAP)were also critical to the development of theMCMand as-
sociated texts (Platjouw et al., 2018). Collectively these efforts represent
a significant organizational and global diplomatic achievement (Bank
et al., 2019). Fig. 1 outlines the timeline and the history of the MCM
along with the associated intergovernmental negotiations and diplo-
matic events. A critical year for the MCM was 2013, when the treaty
was agreed upon during the 5th session of the Intergovernmental Nego-
tiating Committee in January at Geneva, Switzerland. Later that year, in
October, the MCMwas fully adopted at the Diplomatic Conference held
in Kumamoto, Japan (Fig. 1, minamataconvention.org; Platjouw et al.,
2018).
The MCM (Article 1), by design, is focused on protecting human
health and the environment from anthropogenic emissions and releases
ofmercury. Moreover, theMCMwas successful in highlighting the chal-
lenges of this ubiquitous pollutant by addressing the issue at global, re-
gional, and local scales (minamataconvention.org). The MCM (Article
7) also outlines the importance of mercury in supply and trade and
the implications of ASGM with regard to environmental and public
health (minamataconvention.org). ASGM is of considerable importance
considering that approximately 1000 tons of Hg from tailings and va-
porization are released each year, and that between 10 and 19 million
people from N70 countries (Fig. 2) use Hg in the ASGM process
(Esdaile and Chalker, 2018). However, these estimates and predictionsare highly uncertain and not well constrained (Streets et al., 2009)
and the biogeochemical effects of ASGMmay occur at more local scales
than global ones especially when compared to more globally relevant
sources including long-range Hg atmospheric deposition from coal-
fired plants and cement factories. There is scientific evidence to support
the insignificance of ASGM as a global source and not observed as pre-
dicted by Streets et al. (2009) in the ocean or remote terrestrial loca-
tions. Data from sediment cores collected in remote areas (Fitzgerald
et al., 2005) and from global ocean inventories (Lamborg et al., 2014)
suggest that ASGM is not a significant global air-ocean perturbance in
comparison to long range hemispheric transport of Hg from anthropo-
genic sources identified above. Further research on this topic is desper-
ately needed in order to fill these important knowledge gaps and to
identify the spatial scale and extent of the ASGM problem within the
context of the global mercury cycle.
The MCM exists at the science-policy interface that is inherently
complex, because providing scientific advice to policy makers often oc-
curs within an interdisciplinary framework that involves political and
social spheres. Moreover, there can be no guarantees that policymakers
will actually accept and follow sound scientific advice that is provided to
them (Gluckman, 2016). Fortunately, several aspects of the MCM are
based on sound scientific evidence and support with regard to the
major drivers of Hg pollution to the environment as well as human ex-
posure regimes, however critical questions still remain. For example, it
is fairly well established that the Hg cycle interacts with and is interwo-
ven with the carbon and selenium cycles, and that climate change and
other perturbations need to be considered when evaluating Hg pollu-
tion regimes (Obrist et al., 2018). However, details on these processes
are still poorly understood despite considerable focus on these inte-
grated topics of the Hg cycle.
3. Recent scientific advances relevant to the Minamata convention
on mercury
Several recent advances in mercury research relevant to the MCM
are outlined in this special issue as well as in a companion Hg special
issue of Science of the Total Environment published in 2019 (Bank et al.,
2019) and in other sources (Chen et al., 2018, Eagles-Smith et al.,
2018; Obrist et al., 2018; Hsu-Kim et al., 2018; Selin et al., 2018).
3.1. Temporal assessment of mercury in fish andwildlife and the Minamata
Convention on mercury
Effectiveness evaluation (Article 22) of the MCM is foundational to
its success. An important component of this evaluation is to identify
temporal trends of Hg in selected environmental matrices. The Confer-
ence of Parties is ultimately responsible for deciding which matrices
will be used in theMCMeffectiveness evaluation and air, soils, seawater
and biota have been identified as potential indicators. Biota Hg data are
often collected by existing regional and national biomonitoring pro-
grams, and will be essential to a robust and statistically sound global
monitoring program in support of the MCM.
Temporal assessments of Hg exist for a wide array of organisms
(Braune, 2007; Braune et al., 2014; Braune et al., 2016; Vo et al., 2011;
Wang et al., 2019), although temporal data for seafood species (Cross
et al., 2015; Drevnick et al., 2015; Lee et al., 2016), and for marine fish
in general, are lacking (Grieb et al., 2019) despite their important link-
ages with seafood safety, food security, and ocean and human health
(Knowlton, 2004).
In a recent review paper Wang et al. (2019) reported that temporal
patterns of Hg in biota were often not reflective of the concomitant at-
mospheric Hg deposition and suggested that the cumulative and inter-
active effects of legacy Hg, local and regional processes, as well as
climate change were likely responsible for this lack of accordance be-
tween biota and atmospheric Hg data. To account for this divergence
in atmospheric and biotic Hg concentrations,Wang et al. (2019) further










Fig. 2. Estimated annual mercury use in artisanal and small-scale gold mining (ASGM). Figure reproduced from Esdaile and Chalker (2018) and used with permission (Attribution-Non
Commercial 4.0 International, Creative Commons BY-NC 4.0 https://creativecommons.org/licenses/by-nc/4.0/).
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a comprehensive biomonitoring program that measures multiple taxa
across trophic levels and throughout different regions of the world. Ad-
ditionally, the importance of changes in species diet or the food web
must be accounted for in order for temporal analyses of Hg in biota to
be truly valid, and to differentiate between source driven and process
driven Hg bioaccumulation trends over time (Braune et al., 2014;
Braune et al., 2016). Despite their limitations, the use of bulk carbon
and nitrogen stable isotope signatures will be important with regard
to tracking changes in the food web concomitantly with Hg data
(Braune et al., 2014), and compound specific stable isotope analysis of
amino acids can mitigate potential limitations of these analytical tools,
and offer higher resolution assessments of both energy sources
(C) and trophic position (N) (Ishikawa, 2018).
3.2. Stable isotopes, source apportionment modeling and the Minamata
Convention on mercury
Mercury has seven stable isotopes that may be measured in high
precision. Use of isotopic data can provide valuable insights into the
sources fate, transport, and pathways of Hg and MeHg in complex and
heterogeneous environments (Berquist and Blum, 2007; Hintelmann,
2012; Basu, 2018). Source apportionment (SA) modeling has important
implications for the MCM effectiveness evaluation (Article 23; Kwon
et al., 2020) and global monitoring programs (Article 22), but these iso-
topic analyses may be limited by higher costs and lower laboratory
throughput compared to Hg and MeHg concentration measurements.
That said, Hg isotope data can provide a framework for SA assessment
of Hg and MeHg on a wide array of environmental samples, and will
be critical for identifying origins of different geochemical pools of Hg
andMeHg fromnatural and anthropogenic sources, including the atmo-
sphere, across spatial gradients. Furthermore, Hg SAmodels can be con-
ducted temporally in soils and biota to track changes in isotopic
signatures (Lepak et al., 2019) allowing for the development of a highresolution assessment of the effectiveness of the MCM in the context
of a global Hg monitoring program (Kwon et al., 2020).
3.3. Atmospheric mercury, ecosystem sensitivity and the Minamata Con-
vention on mercury
The atmospheric and post deposition processes (Wang et al., 2010;
Gustin et al., 2016), including Hgmethylation and demethylation kinet-
ics, are highly complex and these are important factors governing the
bioaccumulation of Hg in biota and overall source-receptor dynamics
(Bank, 2012). Moreover, atmospheric loadings do not always translate
into equal rates of exposure and bioaccumulation of MeHg and Hg in
biota due to differences in ecosystem sensitivity and its subsequent ef-
fects on Hg methylation, demethylation, and the overall bioaccumula-
tion regime (Bank et al., 2005). For example, empirical studies have
shown that ecosystemsmay have higher deposition of total Hg, but sig-
nificantly lower overall MeHg and total Hg bioaccumulation in terres-
trial biota (Bank et al., 2005; Shanley et al., 2019). Conversely,
experimental investigations have reported a linear relationship be-
tween increasing inorganic Hg loading and MeHg bioaccumulation in
biota (Orihel et al., 2007). Other experimental research has demon-
strated the importance of differential availability of Hg geochemical
pools on MeHg bioaccumulation, and have shown that MeHg loadings
from atmospheric sources and terrestrial runoff were more important
than MeHg formed in situ in sediments (Jonsson et al., 2014). Further-
more, field studies by Hammerschmidt and Fitzgerald (2005, 2006) re-
ported strong relationships between atmospheric Hg loadings and
MeHg concentrations in both mosquitoes species and largemouth bass
(Micropterus salmoides), suggesting this phenomenon can occur in
biota at broad spatial scales, across trophic levels and in a wide array
of habitats and under varying biogeochemical conditions. Collectively,
these studies demonstrate that the findings from studies addressing at-
mospheric loadings, ecosystem sensitivity, Hgmethylation, and trophic
transfer and bioaccumulation of Hg vary considerably, and have
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decision makers to come to consensus. These groups will likely benefit
from a more holistic, weight of evidence perspective and one that con-
siders post-depositional processes (Wang et al., 2010) with regard to
the development of robust monitoring programs using harmonized
data sampling protocols (Bank et al., 2014) in support of the MCM
(Wang et al., 2019) effectiveness evaluation.
4. Modeling and the Minamata Convention on mercury
“All models are wrong, but some are useful” is an important concept
put forward by the renowned British statistician George Box (Box,
1976). The reason that this aphorism is so important is that policy
makers do not often realize that models rely on hypotheses and, at
times, completely unrealistic assumptions. Modeling of Hg in different
ecosystem reservoirs is highly uncertain (Selin, 2014; Gustin et al.,
2016), and in comparison to other pollutants, such as nitrogen or sulfur,
Hg models often do not have strong model validation, are limited in
scale or rely on extremely small sample sizes to describe large ecosys-
tems such as marine environments (Schartup et al., 2019). Under the
MCM these uncertainties will likely increase due to regulation of emis-
sions and releases, aswell as changes in atmospheric chemistry and bio-
geochemical conditions related to natural and legacy sources of Hg
(Kwon and Selin, 2016). Moreover, simply using Hg and MeHg data
from the literature is also problematic due to a lack of sampling and
measurement standardization, biases associated with missing values
and limited geographical coverage, non-linear correlations, multifacto-
rial effects (as opposed to unifactorial) and the major issues associated
with the transfer of biases and errors from the original sources to the
final synthesis. Additionally, even a small violation of the assumptions
or deviation from the basic principles of ameta-analysis can lead tomis-
leading conclusions (Greco et al., 2013).
Factors related to climate and ecosystem change (Jonsson et al.,
2017), food web dynamics (Braune et al., 2014; Braune et al., 2016),
post depositional processes (Wang et al., 2010), and the overall inherent
complexities of source-receptor dynamics (Bank, 2012), collectively,
presents some critical challenges for the MCM effectiveness evaluation.
Furthermore, Hg inventories tend to be incredibly coarse, including
those used in theMinamata initial assessments, and thus, these low res-
olution estimates are also a considerable source of uncertainty for
source-receptor models especially since reporting among countries
can be inconsistent. Collectively all of the uncertainties combined are
significant and represent a substantial degree of experiment wide and
prediction errors especially for Hg modeling efforts at regional and
global scales. In all fairness, and from an honest broker perspective
(Platjouw et al., 2018), policymakers must take note of model uncer-
tainties and recognize that these efforts do not truly reflect reality and
have limited or no ability to forecast future Hg conditions and regimes.
Additionally, the Hg modeling community will also need to be more
transparent with regard to reporting Hg model hypotheses, assump-
tions and their high degree of uncertainty when communicating with
policymakers and the MCM secretariat.
5. Conclusions
Mercury pollution is inherently a chemistry problem (Esdaile and
Chalker, 2018), but also an important seafood safety and food security
issue. New ways of thinking about this important environmental con-
taminantwill be required in order to address this issuemore holistically
within the framework of MCM especially considering the incredibly
short time frame, of six years, for the initial effectiveness evaluation. Es-
tablishing MCM regional centers of excellence similar to the Basel and
Stockholm Convention Centers will likely enhance capacity building
and transfer of available technology to parties from developing coun-
tries (Bank et al., 2014). Such centers would require a diverse set of ex-
pertise in order to meet the challenges of the implementation of theMCM with regard to providing technical assistance capacity building
and support for biomonitoring programs.
Since Hg cycling and exposure dynamics are highly complex, multi-
tiered risk assessments that focus on ecological health and human
health separately will be required to meet their objectives. Fish con-
sumption advisories and overall Hg exposure guidance will vary for
the general human population in comparison to vulnerable populations
such as ASGMminers, subsistence fishers, and individuals from indige-
nous communities that rely on wild food for sustenance. Additionally,
the MCM should continue its focus on contaminated sites and vulnera-
ble human populations as priorities. In general Hg science and policy
will likely benefit from furthering the development of Hg research at
the food-environment nexus (Sedlak, 2019) and integrating seafood
safety and food security themes and approaches into the framework
of the MCM.
Finally, Hg science and policy has come a long way over the last
30 years with important advancements made in understanding atmo-
spheric chemistry, methylation and demethylation dynamics, Hg stable
isotope SA modeling, sampling and analytical advancements and food
web studies in heterogeneous environments. Hg is the only element
on the periodic table to have its own environmental convention
highlighting the importance of the Hg pollution issue. As a scientific
community it is critical that Hg scientists use more integrated ap-
proaches (Basu, 2018), in order to advance policy relevant science and
to serve as a resource for capacity building in developing countries
and to support the conference of parties and the implementation of
the MCM.
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